Abstract: Antimicrobial peptides (AMPs) are small peptides and play important roles in host innate immune response against microbial invasion. Aquatic animals secrete different kinds of antimicrobial peptides which have antimicrobial activity towards microorganisms. NK-lysins, mature peptides produced by cytotoxic T lymphocytes and natural killer cells, are comprised of 74-78 amino acid residues, demonstrating broad-spectrum antimicrobial activity against bacteria, fungi, protozoa, and parasites. In this study, three distinct NK-lysin mature peptide (mNKLs), transcripts (76 amino acid residues) cloned from the channel catfish (Ictalurus punctatus) head kidney were ligated into plasmid vector pET-32a(+) to express the mNKLs fusion protein. The fusion protein was successfully expressed in E. coli Rosetta (DE3) under optimized conditions. After purification by affinity column chromatography, the fusion protein was successfully cleaved by enterokinase and released the peptide mNKLs. Tricine-SDS-PAGE results showed that mNKLs (approximately 8.6 kDa) were successfully expressed. The purified peptide mNKLs exhibited antibacterial activity against Staphylococcus aureus and E. coli.
Introduction
Antimicrobial peptides are essential effector molecules that provide the host immune response against pathogen challenge. To date, antimicrobial peptides have been shown to have activities against infection from a wide range of microorganisms including bacteria, fungi, viruses and other pathogens [1] [2] [3] [4] [5] [6] . G. Boman discovered the first antimicrobial peptide from Hyalophora cecropia in 1972, namely cecropins [7] . Nearly 1500 antimicrobial peptides were gradually identified from life entities including bacteria, fungi, plants, insects, fish, amphibians, birds and mammals [8] [9] [10] [11] [12] [13] . Fish, as an indispensable organism in water, also possess numerous AMPs (antimicrobial peptides). Since then, over 100 fish AMPs have been isolated, artificially synthesized or expressed by genetic engineering [14] , including cathelicidin, chrysophsin, hepcidin, hipposin, misgurin, moronecidin, liver expressed
Materials and Methods

Extraction of RNA, Reverse-Transcription (RT)-PCR and Sequence Analysis
Total RNA was extracted from healthy channel catfish (approximately 100 g) head kidney using RNAiso Plus (Takara, Dalian, China) following manufacturer's instructions. Extracted RNA was stored in −80 • C freezer before using as template for reverse transcriptase polymerase chain reaction (PCR). The first chain complementary deoxyribonucleic acid (cDNA) was synthesized from the isolated RNA using the PrimeScript 1st strand cDNA Synthesis Kit (Takara, Dalian, China) and served as template to amplify channel catfish NK-lysin cDNA by PCR. The forward primer and reverse primer were designed with the reference to the database nucleotide sequence (GenBank ID: AY934592, DQ153189, DQ153187). The mNKLs were predicted by SMART and Qun Wang et al. [22] . The PCR was conducted as follows; an initial denaturation step at 95 • C for 5 min, 30 cycles of 94 • C for 30 s, 56 • C for 30 s, and Appl. Sci. 2016, 6, 240 3 of 11 72 • C for 10 min. Subsequently, cDNA fragment which encodes the mNKL were amplified including BamHI and HindIII sites (underlined) and enterokinase cleavage site (bold and italic) by using forward and reverse primers ( Table 1 ). The amplified product was eluted from gel electrophoresis and cloned into pMD19-T vector (Takara, Dalian, China), subsequently transform into E. coli strain DH5α (Tiangen, Berjing, China) as a host. 
Expression and Purification of mNKLs
After pMD19-T cloning and direct sequencing, the recombinant plasmids were digested with restriction enzymes BamHI and HindIII. The digested mNKL fragments were inserted into pET-32a(+), which fuses the construct in tandem to the sequence of thioredoxin, generating pET32-mNKL 1, pET32-Mnkl 2, pET32-mNKL 3. The confirmed recombinant expression constructs were first transformed into E. coli BL21 (DE3) (Tiangen, Berjing, China) cells but the expression was unsuccessful in all cases. E. coli Rosetta (DE3) (Tiangen, Berjing, China) cells can enhance the expression of eukaryotic proteins which contains E. coli rare codons. Rare codon was analyzedby Rare Codon Calculator (RaCC), a rare Arg codon (CGA) was observed on the 47th codon of NK-lysin 1 and NK-lysin 2, a rare Arg codon (AGA) was observed on the 38th codon of NK-lysin 3 (data not shown). The confirmed recombinant expression constructs were transformed into E. coli Rosetta (DE3) cells. After optimization of expression condition, higher level expression was induced by isopropyl-β-D-thiogalactopyranoside (IPTG) to express protein at a final concentration of 0.1 mM for 4 h at 37 • C and harvested by centrifugation at 8000× g, 4 • C, for 10 min. After centrifugation, the pellets were resuspended in Ni-Native-0 buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0). The resuspended bacterial cells were lysed by sonication and the extracted supernatant that may contain soluble proteins were clarified by centrifugation at 12,000 rpm at 4 • C for 20 min, then the supernatants with Ni-Native-0 buffer were added into the equilibrated Ni-NTA-Sefinose column (Sangon Biotech, Shanghai, China). Ni-Native-250 buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM Imidazole, pH 8.0) was used to wash the resin absorbed Histidine-tagged fusion protein. The extracted proteins were analyzed by Tricine-SDS (Sodium Dodecyl Sulfonate)-PAGE (Sangon Biotech, Shanghai, China), stained with Coomassie Brilliant Blue R-250 and imaged by a Molecular Imager Gel Doc XR+ imaging system (Bio-Rad Laboratories, Hercules, CA, USA). The purified products were concentrated then visualized by Tricine-SDS-PAGE (Sangon Biotech, Shanghai, China). Final concentrations of purified mNKLs were measured by the micro-BCA protein assay reagent according to the manufacturer's instructions (Sangon Biotech, Shanghai, China).
Enterokinase Cleavage of mNKLs
The fusion proteins cleaved by Recombinant Bovine Enterokinase Light Chain-His (Sangon Biotech, Shanghai, China) were performed as follows; One unit:50 µg fusion proteins in 25 mM Tris-HCl, 50 mM NaCl and 2 mM CaCl 2 at 25 • C for 16 h. After incubation, NK-lysin proteins were collected and added separately into Ni-NTA-Sefinose Column (Sangon Biotech, Shanghai, China). Unbinding proteins were collected and analyzed by Tricine-SDS-PAGE. The collected unbinding proteins were concentrated then analyzed by Tricine-SDS-PAGE and final concentrations were measured by the micro-BCA protein assay reagent (Sangon Biotech, Shanghai, China).
Antibacterial Activity Assays
Two bacteria were selected to examine the antibacterial activity of recombinant mNKLs: E. coli (strain DH5α) and Staphylococcus aureus (strain ATCC 25923). Bacteria were grown at 37 • C in 10 mL Luria-Bertani medium until mid-logarithmic phase. Incubated bacteria were diluted to 10 8 cfu/mL then 100 µL of each strain was poured into solidified Luria-Bertani agar medium plates. Ten minutes later, Solidified Luria-Bertani agar medium plates were punched with small wells (diameter 5 mm) and recombinant mNKLs (5 µg of each well) were added into wells [42] , incubated overnight at 37 • C. In each Luria-Bertani agar medium plate, 10 µg of ampicillin was added as positive controls and same volume of sterile ddH 2 O was used as negative controls.
Results
Cloning and Construction of Recombinant Expression Vector
The channel catfish mNKLs (type 1, 2, 3) proteins consisting of 76 amino acids were aligned, with a predicted molecular weight of 8.6 kDa ( Figure 1 ). In order to obtain a similar structure of native peptides, one enterokinase cleavage site (DDDDK) and a termination codon (TGA) were added in the N-terminal and C-terminal of the mNKLs, respectively. The segments containing mNK-lysin genes were amplified by PCR and ligated into the pMD19-T plasmid vector. The positive recombinant plasmids were confirmed by restriction enzyme digestion and sequencing. The pMD19-T-mNKLs were digested with restriction enzymes and then cloned into the pET-32a(+) plasmid vector, which was also confirmed via restriction digest and sequencing ( Figure 2 ).
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Expression and Affinity Column Purification of Fusion mNKLs
The recombinant expression constructs (pET32-mNKLs) were transformed successfully into E. coli Rosetta (DE3) cells and expressed the Trx-His-mNKLs (approximately 24.6 kDa) (Figure 3 ). Tricine-SDS-PAGE analysis results showed that the fusion mNKLs were mainly expressed in the supernatant in soluble form. The recombinant mNKLs were purified successfully by affinity column chromatography in the native condition ( Figure 3 ). The yield of recombinant mNKLs was about 6.7 mg/L for each protein; then the purified recombinant mNKLs were enriched to a concentration at 1.1 mg/mL for mNKL1, 1.4 mg/mL for mNKL2, 1.7 mg/mL for mNKL3. Induced bacterial cells including pET32-mNKLs were disrupted by ultrasonication, and the supernatant and precipitation were separated by centrifugation. The recombinant mNKLs was purified by affinity column chromatography. All the samples were analyzed by SDS-PAGE, and the protein was stained with Coomassie Blue R250 in the gel. M, molecular mass marker in kDa; Lane A-B, the E. coli Rosetta (DE3) including pET-32a(+) were not induced and induced, respectively; lane C, the E. coli Rosetta (DE3) including pET32-mNKLs were not induced; lane D, the full bacteria lysates of E. coli Rosetta 
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Cleavage and Purification of mNKLs
The fusion proteins were cleaved by Recombinant Bovine Enterokinase Light Chain-His (Sangon Biotech, Shanghai, China) at an enterokinase cleavage site (DDDDK) and the 24.6 kDa Trx-His-mNKLs proteins were separated into His-tagged Trx (approximately 16.0 kDa) and mNKL (approximately 8.6 kDa) (Figure 4) . However, there still are some unseparated Trx-His-mNKLs proteins in the cleaved products (Figure 4) . Then the affinity column chromatography was used to purify the mNKL peptides in native condition and the unbinding proteins of three mNKLs transcripts were collected and concentrated (Figure 4 ).
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Antibacterial Activity of the Peptide mNKLs
Antibacterial activity of recombinant mNKLs was assayed against Gram-positive and Gramnegative bacteria. The chosen bacteria were spread on solidified Luria-Bertani medium and recombinant mNKLs were added into wells. Antibacterial activity of mNKL (5 μg/well) was evidenced by maximum zones of inhibition for Staphylococcus aureus (strain ATCC 25923) and E. coli (strain DH5α) ( Figure 5 ). 
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(A) (B) Figure 5 . Antibacterial activity analysis of combinational mNKLs against Staphylococcus aureus (A strain ATCC 25923) and E. coli (B strain DH5α). 1 was sterile ddH 2 O; 2, 4, 5 were recombinant mNKL1, mNKL2 and mNKL3 (5 µg/well), respectively; 3 was ampicillin (10 µg/well).
Discussion
By means of genetic engineering, desired antimicrobial peptide proteins are generated by several systems including eukaryotic systems such as the E. coli expression system [43] and the baculovirus expression vector system [39] , and prokaryotic systems such as the yeast expression system [44, 45] . E. coli is the least expensive and most efficient expression system for small proteins [40] . Advantages include rapid bacterial growth, quick expression and high product yields [46] . Several antibacterial peptides with biological activities have been expressed successfully by the E. coli expression system. According to the reports, Beta-defensin-4 from human [47, 48] , bovine LfcinB [36] , porcine cecropin P1 [49] , sarcotoxin IA from Sarcophaga peregrina larva [50] and adenoregulin from arboreal frog (Phyllomedusa bicolor) [51] were expressed with an E. coli expression system. Among aquatic species, previous reports have revealed that hepcidin from Tilapia (Oreochromis mossambicus) [52] and channel catfish [42] , Piscidin-1 from Striped bass (Morone saxatilis) [53] , LEAP-2 from Grass carp (Ctenopharyngodon idella) [54] have been successfully expressed via an E. coli expression system. In our study, three mNKLs were expressed via an E. coli expression system and produced the approximately 24.6 kDa Trx-His-mNKLs. After purification, we finally received the concentration of mNKL 1 at 1.1 mg/mL, mNKL 2 at 1.4 mg/mL and mNKL 3 at 1.7 mg/mL.
Previous studies have shown that AMPs have high toxicity towards host strains. Therefore, different molecular chaperones are used in order to reduce toxicity and inclusion bodies to improve fusion protein expression [27] . The pET-32a(+) plasmid vector includes the Trx.Tag™ thioredoxin protein which is widely used as a fusion molecular chaperone for protein expression in E. coli [42] . The thioredoxin can dramatically increase the solubility of heterologous proteins synthesized in the E. coli cytoplasm and reduce the toxicity towards host strains, and the thioredoxin fusion proteins usually accumulate to a high level [50, 55] . However, the thioredoxin fusion proteins will impress the activity of recombined AMPs. Enterokinase can specially recognize the amino acid sequence DDDDK and digest the peptide bond after the lysine residue. This is particularly important to get mature short peptides in the E. coli expression system such as mNKLs that are only 76 residues and account for only 34.9% of the fusion protein. In order to get a higher level of expression and soluble protein, different induction temperatures (25 • C, 30 • C and 37 • C), IPTG concentrations (0.1 mM to 1.0 mM) and induction times (1 h to 24 h) were optimized for recombinant mNKLs expression. In addition, a higher level of expression of fusion soluble Trx-His-mNKLs (approximately 24.6 kDa) was induced by 0.1 mM IPTG for 4 h at 37 • C. Subsequently, the mNKLs (approximately 8.6 kDa) were cleaved with Recombinant Bovine Enterokinase Light Chain-His and the enterokinase, Trx-His tag and unseparated Trx-His-mNKLs proteins were removed by the Ni-NTA-Sefinose column. However, the production of cleaved mNKLs was very low (approximately 0.1 mg/mL).
In recent years, an increasing number of antimicrobial peptides have been identified and extensive research has been conducted for the analysis of their structures and antimicrobial activity. Although some have also been reported to have potent activities against other microorganisms such as fungi, protozoa, and parasites [1, 2, 4, 56] , antibacterial activity is still the primary function of antimicrobial peptides. Although studies on the antibacterial mechanism of AMPs have been conducted widely, the precise mechanism of action is not fully understood. Regardless of their precise mode of action, AMPs consistently demonstrate antibacterial activity by interacting with bacterial cell membranes [57] . Similar to other members of the SAPLIP family, NK-lysins posses the general ability to interact with lipids [21] . This property gives rise to the function of its antibacterial activity. Several research results have shown that NK-lysins possess wide antibacterial activities against Gram-positive and Gram-negative bacteria. A report showed that porcine NK-lysin has high activity against Escherichia coli and Bacillus megaterium and moderate activity against Acinetobacter calcoaceticus and Streptococcus pyogeneis [26] . Human granulysin, a T cell product, exhibits antimicrobial activity towards Escherichia coli and M. tuberculosis [2] . Bovine NK-lysins have shown extensive antibacterial activity, especially against E. coli and Staphylococcus aureus [1, 30] . However, there are only few reports on the antibacterial activity of NK-lysins from aquatic species. Only the Japanese flounder NK-lysin proteins have been identified to have antibacterial activity against various Gram-negative bacteria [29] . In the current study, although three distinct mNKLs all consisted of 76 amino acids, they showed diversity in amino acid sequences. We independently tested the antibacterial activities of the three mNKLs and determined that all three mNKLs have antibacterial activity against both Gram-positive bacteria Staphylococcus aureus and Gram-negative bacteria E. coli, but it is limited against S. aureus. For eukaryotic proteins in prokaryotic expression systems, the formation of disulphides is one of the crucial caveats associated with the protein correctly folding which will influence production activity. So it is necessary to know whether the disulphides have been completely correctly formed or the difference between antibacterial activity against Gram-positive and Gram-negative bacteria is existed in future study.
Conclusions
The studies reported here demonstrate conclusively that the protocol developed could be used for the production of channel catfish peptide mNKLs (type 1, 2, 3) with antibacterial activity and a broader antimicrobial spectrum. Further studies on the antimicrobial mechanism of NK-lysin and its activities against other microorganisms should be conducted in the future.
